Membrane sphingolipids are metabolized to sphingosine-1-phosphate (S1P), a bioactive lipid mediator that regulates many processes in vertebrate development, physiology, and pathology. Once exported out of cells by cell-specific transporters, chaperone-bound S1P is spatially compartmentalized in the circulatory system. Extracellular S1P interacts with five GPCRs that are widely expressed and transduce intracellular signals to regulate cellular behavior, such as migration, adhesion, survival, and proliferation. While many organ systems are affected, S1P signaling is essential for vascular development, neurogenesis, and lymphocyte trafficking. Recently, a pharmacological S1P receptor antagonist has won approval to control autoimmune neuroinflammation in multiple sclerosis. The availability of pharmacological tools as well as mouse genetic models has revealed several physiological actions of S1P and begun to shed light on its pathological roles. The unique mode of signaling of this lysophospholipid mediator is providing novel opportunities for therapeutic intervention, with possibilities to target not only GPCRs but also transporters, metabolic enzymes, and chaperones.
Introduction
Bioactive lipids, derived from metabolism of plasma membrane lipids, are important mediators of cellular communication in vertebrates. The appearance of bioactive lipid receptors in the vertebrate genomes (1) was coincident with the increased complexity of circulatory, immune, and nervous systems in evolution, suggesting that vertebrates began to use extracellular signaling of lipid mediators for the regulation of sophisticated organ systems. This Review will focus on the lysosphingolipid sphingosine-1phosphate (S1P) and how the basic understanding of its metabolism, transport, and signaling functions has revealed its role in the pathogenesis of various diseases and allowed rational therapeutic strategies to advance.
S1P metabolism
Sphingosine, the precursor substrate for the synthesis of S1P, is derived by the hydrolysis of ceramide during the sequential degradation of plasma membrane glycosphingolipids and sphingomyelin (refs. 2, 3, and Figure 1 ). Even though this occurs in various cell compartments, the bulk of sphingosine is generated by degradation in lysosomes. Indeed, the prominence of this lysosomal catabolism pathway is illustrated by the severity of the sphingolipidoses, a family of genetic disorders in which sphingolipid metabolites accumulate (4) . The catabolically generated sphingosine is phosphorylated by either of two sphingosine kinases, SPHK1 and SPHK2, to produce S1P. SPHK1 is largely cytoplasmic and can acutely associate with the plasma membranes (5) , phagosomes (6) , and endosomal vesicles (7) , whereas SPHK2 is present cytoplasmically but is predominately in the nucleus (8) .
While not strictly required for cellular viability (9) , the formation of S1P is essential for organismal development (10) . The viability of the single Sphk KO mice (10, 11) indicates that the isozymes can partially compensate for each other during development but have nonoverlapping functions.
Once formed intracellularly, S1P takes one of three pathways ( Figure 1 ). In one, the sphingosine moiety of S1P is recycled through ceramide synthesis after dephosphorylation by S1P-specific ER phosphatases, SGPP1 and SGPP2 (12, 13) . In some mammalian cells, this pathway can account for greater than half of complex sphingolipid synthesis (14) .
In a second pathway, S1P is irreversibly degraded by S1P lyase, another ER-resident enzyme, into phosphoethanolamine and hexadecenal (15) . This reaction facilitates transfer of substrate from the sphingolipid to the glycerolipid pathway via the conversion of hexadecenal by fatty aldehyde dehydrogenase to hexadecanoate, a precursor of palmitoyl-CoA (16) , and by the utilization of phosphoethanolamine for phosphatidylethanolamine synthesis (17, 18) .
In the third pathway, intracellular S1P is released to the extracellular environment, a process that is highly efficient in rbc (19) (20) (21) , platelets (22) , and endothelial cells (19) (20) (21) . A specific S1P transporter, SPNS2, is used in endothelial cells for S1P secretion (23) . The precise secretion mechanism in rbc has not been established, but it does not involve SPNS2 (23) . In platelets, S1P is exported after activation by thrombotic agonists (24) . The biochemical pathways and cellular localization of S1P metabolism and release are illustrated in Figure 1 .
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S1P receptors
Extracellular S1P interacts with a family of five high-affinity GPCRs, termed S1P 1 -S1P 5 (34) . The S1P receptors, especially S1P 1 -S1P 3 , are broadly expressed in tissues (35) . S1P 1 is notable as one of the most highly expressed GPCRs in the entire super family (35) (36) (37) . The very high expression of S1P 1 on endothelial cells can partially explain its wide tissue distribution; however, many other cell types also express this GPCR.
Each of the receptors, when activated, provokes distinctive signaling pathways and cellular responses that are, in some cases, antagonistic. Other recent reviews discuss this subject in depth (34, 38) .
The crystal structure of S1P 1 has suggested a potential mechanism for ligand access to the GPCR that involves insertion of S1P into the outer leaflet of the plasma membrane followed by lateral diffusion to enter the binding pocket (39) . This suggests that phosphatases close to the S1P receptors could regulate ligand access. In addition, S1P chaperones may impart or enhance specific biological signals. For example, ApoM-bound S1P is much more effective at activating endothelial S1P receptors in the control of lung vascular barrier function than albumin-bound S1P (33) . How various chaperones present S1P to their receptors and how S1P is released at the cell surface from chaperones is not known. vided by extracellular S1P (25) . High levels of S1P in circulation are a result of rbc and endothelial cells, which are metabolically geared toward S1P secretion (25) . Indeed, rbc produce almost all embryonic S1P (26) and approximately 75% of adult plasma S1P in mice (21, 26) . The vascular endothelium is another key contributor (19) , whereas platelets are not critical for plasma S1P concentrations in postnatal homeostatic conditions (19, 27) and may only release S1P during platelet activation and clotting. The lymphatic endothelium is the major source of lymph S1P (ref. 28 and Figure 2 ). S1P lyase expression is essential for maintenance of low levels of S1P within tissues; in its absence, levels of S1P in tissue are highly elevated (29, 30) . The lipid phosphatase LPP3, while not determinative of bulk tissue S1P levels, appears to control local levels around the sites of lymphocyte egress in the thymus (31) .
Within the plasma, most S1P is bound to protein carriers, such as HDL (~60%) and albumin (~30%), with lesser amounts bound to VLDL and LDL (32) . S1P is bound to HDL via the apolipoprotein ApoM, which acts as an S1P chaperone that controls the levels of S1P in blood (33) . Chaperones enable aqueous solubility of S1P and allow it to be transported as a paracrine and endocrine mediator. In addition, chaperones such as ApoM may also protect S1P from degradation and facilitate presentation to receptors. Figure 1 . S1P synthesis, metabolism, and export. Sphingomyelin (SM) and glycosphingolipids (GSL) are localized to plasma membrane microdomains. Degradation of plasma membrane sphingolipids into ceramide (Cer) and then ultimately to sphingosine (Sph) occurs in lysosomes and at the plasma membrane. Phosphorylation mediated by sphingosine kinases leads to the formation of S1P, which follows one of three pathways: (a) S1P is exported by transporters, such as SPNS2, where it can interact with its GPCRs (S1P 1 -S1P 5 ) on the cell surface; (b) S1P is degraded by S1P lyase into hexadecenal (Hex) and phosphoethanolamine (PE), which are shunted into the glycerolipid biosynthetic pathway; or (c) S1P is dephosphorylated by S1P phosphatase for recycling of sphingosine into ceramide synthesis. S1PR, S1P receptor; S1Pase, S1P phosphatase. jci.org Volume 125 Number 4 April 2015 the bone marrow into the blood and recirculation from tissues to bone marrow are also facilitated by S1P 1 function (35, 52, 53) . In a similar manner, S1P 5 regulates the egress of NK cells from bone marrow to blood (54) . Interestingly, S1P 1 on megakaryocytes triggers the elongation of transendothelial proplatelet extensions into bone marrow sinusoids and the subsequent shedding of platelets into the circulation (55) . Although, S1P signaling affects monocyte and neutrophil levels in blood, the precise control points have not yet been elucidated (30, 56) . T cell trafficking through the lymph node serves as a paradigm that illustrates some basic features of the S1P-regulated egress process (51) . While in blood, in which it is exposed to high S1P concentrations, S1P 1 is rapidly downregulated through GPCR kinase-2mediated (GRK2-mediated) phosphorylation of a serine-rich region on its C-terminal tail (57, 58) . After entering lymph nodes through high endothelial venules (HEVs), S1P 1 is reexpressed while in the low S1P environment of the lymph node parenchyma. The S1P 1 -expressing T cell "probes" near the cortical sinus endothelium for the presence of S1P. If S1P/S1P 1 signaling strength is sufficient to overcome parenchymal retention signals, the T cell traverses the endothelium to enter the efferent lymphatics ( Figure 3) . S1P receptor signaling also has roles in the positioning and migration of cells within tissues. Some key examples include S1P 1 's role in B cell shuttling between the marginal zone and follicles (59) and S1P 2 's role in confining B cells in the center of follicles as well as regulating their proliferation (60) . In this last example, S1P 2 serves as a tumor suppressor; when S1pr2 is deleted, mice eventually develop diffuse large B cell lymphoma (DLBCL) (61), and S1PR2 mutations occur in some cases of human DLBCL (62-64). The S1P 2 mutations in human DLBCL block the inhibitory effects on phospho-AKT and migration pathways mediated by S1P 2 (64) .
Fingolimod (FTY720), a sphingosine analog, has been an important chemical probe for understanding S1P-directed immune cell trafficking through its "functional antagonism" of S1P 1 (65) . FTY720 is phosphorylated primarily by SPHK2 in vivo to produce FTY720-phosphate, a potent, acute agonist for S1P 1 , S1P 3 , S1P 4 , and S1P 5 . However, FTY720-phosphate-induced downmodulation of S1P 1 from the lymphocyte cell surface blocks receptor signaling, inhibiting the egress of lymphocytes from lymphoid tissues into the circulation. Primarily due to its effect on trafficking of S1P as a regulator of vascular development and function S1P 1 , S1P 2 , and S1P 3 are expressed in endothelial cells, in which they regulate development and function of the vasculature (40, 41) . S1P 1 expression in endothelial cells is essential for the development of the embryonic cardiovascular system, whereas S1P 2 and S1P 3 appear to play accessory or partially redundant roles. Likewise, S1P production by rbc is required for embryonic vascular development, highlighting the unique communication between rbc and endothelial cells (ref. 26 and Figure 3) . S1P signaling has a fundamental function in the maintenance of vascular integrity, even in the postnatal period. Mice that are engineered to lack plasma S1P show vascular leakage, which is reversed by an S1P 1 agonist (27) . The results are consistent with the idea that S1P within the vascular compartment acts on endothelial S1P 1 to minimize vascular leak during homeostatic and acute conditions ( Figure 3 ). S1P 1 signaling reporter mice demonstrate receptor activation in endothelium under basal conditions, with enhanced S1P activation, dependent on plasma S1P, when systemic inflammation is induced (42) . S1P 2 and S1P 3 are also expressed in vascular smooth muscle cells of resistance vessels and regulate vascular tone, especially during endothelial damage when plasma S1P accesses the medial smooth muscle cells (43) (44) (45) (46) (47) . Alternatively, during injury or activation of vascular smooth muscle, enhanced activation/expression of sphingosine kinases could induce local S1P production within the vessel wall to influence vascular tone. In specialized vasculature, such as the inner modiolar artery that supplies blood to the inner ear structures, S1P 2 appears to be used in the control of vascular tone. Indeed, mice that lack S1P 2 show stria vascularis abnormalities, inner ear defects, and deafness (48) (49) (50) . S1P as a regulator of hematopoietic cell trafficking S1P receptor-mediated sensing of elevated S1P levels in the blood and lymph serves as a general mechanism to trigger the egress of hematopoietic cells from tissues into the circulation ( Figure  3) . S1P 1 expression on T and B cells stimulates their exit from lymphoid tissues, with low S1P levels, into blood or lymph, with high S1P levels (51) . Hematopoietic stem cell mobilization from Figure 2 . Cellular sources of plasma S1P. Endothelial cells and rbc release S1P, which is picked up and chaperoned by ApoM on the HDL particles and albumin. Chaperone-bound S1P interacts with S1P 1 on the endothelial cells to promote vascular barrier function. When endothelial cells are damaged, platelet activation and aggregation release S1P, which leads to local release of S1P that aids in the repair of vascular injury. jci.org Volume 125
Number 4 April 2015
in vivo (42) . A synthetic S1P 1 signaling pathway was genetically engineered in these mice so that a transcription factor is released from activated S1P 1 to turn on a GFP reporter gene. In embryos from these reporter mice, S1P 1 activation was apparent in the developing cardiovascular nervous system and CNS. In adult signaling reporter mice, the major cellular sites displaying activated S1P 1 were endothelial cells, with the vascular and lymphatic endothelial cells of lymphoid tissues showing the most prominent levels of S1P activation. Intense S1P 1 activation was found on HEVs and is likely indicative of a process through which this specialized endothelium retains vascular integrity in the face of extensive lymphocyte transmigration. In lymph nodes with high leukocyte traffic, HEV S1P 1 activation occurs by local release of S1P from extravasated platelets in the perivenular spaces, promoting vascular integrity via adherens junction assembly (80) . Parenchymal cells of tissues, such as hepatocytes in liver, did not demonstrate significant S1P 1 activation under basal conditions, suggesting, that under normal circumstances, S1P 1 receptors are held in reserve for signaling. However, when systemic inflammation was induced by administration of bacterial LPS, S1P 1 signaling was substantially increased in both the endothelium and hepatocytes of the liver. This increase in S1P 1 activation by LPS was shown to be dependent on hematopoietically derived S1P.
The mechanism whereby S1P 1 signaling in endothelial cells is increased during inflammatory conditions and vascular leakage is not completely understood but may involve the sensing of abluminally deposited S1P from the circulation (27) .
Inflammation-induced S1P 1 signaling in liver hepatocytes and, presumably, in other tissue parenchymal cells is also mediated by hematopoietically derived S1P, indicating that this S1P signaling pool likely comes from the plasma compartment entering the tissues through vascular leakage. The functional consequences autoreactive adaptive immune cells, FTY720 is a potent inhibitor of autoimmune inflammation (see below).
Regulators of S1P levels also affect lymphocyte trafficking. Mice that lack the S1P transporter SPNS2, which functions in endothelial cells to secrete S1P into the circulation (especially into the lymph fluid), exhibit profound lymphopenia due to a decreased egress of lymphocytes into the circulation (23, (66) (67) (68) . Mice with S1P lyase deleted or pharmacologically inhibited are also lymphopenic due to impaired lymphocyte trafficking (29, 30, 69) . However, in this case, the cause is elevated tissue levels of S1P disrupting the concentration differential between lymphoid tissues and the circulation. A partial deficiency of S1P lyase protects mice from experimental autoimmune encephalomyelitis (EAE) (70) . Potentially, inhibitors of both the SPNS2 transporter and S1P lyase could be used to modulate immune pathologies. S1P signaling controls nervous system development S1P 1 signaling is active in the developing nervous system (42) , and both S1P synthesis and S1P 1 expression are required for embryonic neurogenesis (10) . In the adult nervous system, multiple S1P receptors are expressed on both neurons and glia (71) and may regulate neurotransmission (72) (73) (74) . A key function of S1P 1 and S1P 3 occurs during inflammatory disease processes through the promotion of astrogliosis (75, 76) . S1P receptor signaling induces nociceptive responses, possibly as a result of local increases of S1P, which are induced by injury or inflammation and sensed by S1P 3 (35, (77) (78) (79) . Overall, the transport and biological functions of S1P in the nervous system are not well understood.
Mapping in vivo S1P signaling sites
A reporter mouse model that transcriptionally records S1P 1 activation has enabled the mapping of cellular sites of activated S1P 1
Figure 3. Functions of S1P in vascular development and hematopoietic cell trafficking. (A)
During embryogenesis, rbc-derived S1P plays an essential role in the stabilization of the developing vascular system. In the postnatal period, both rbc and the endothelium release S1P into circulation to maintain vascular homeostasis. Plasma S1P is associated with ApoM + HDL and albumin. S1P signaling regulates blood flow, endothelial integrity, barrier function, and antiinflammatory functions. (B) There is a steep S1P gradient between vascular and extravascular compartments. This is essential for trafficking of T cells from thymus and secondary lymphoid organs into blood and lymph, respectively. In the bone marrow sinusoids, S1P signaling is important for the release of megakaryocyte proplatelet extensions into the circulation. jci.org Volume 125 Number 4 April 2015 sphingolipid synthesis is essential for its barrier function (89) and, in nervous tissues, glycosphingolipid synthesis is prominent (90) . It is likely that an important fraction of toxic fatty aldehydes in the patients may be derived during S1P metabolism, possibly explaining the pathogenic targeting of these tissues. Influenza. Severe influenza infection is associated with significant morbidity and mortality, in part because of a "cytokine storm," an excessive, dysregulated immune response (91) . S1P 1 agonists substantially blunted the cytokine storm and protected against the pathogenic pulmonary effects of a human H1N1 influenza infection in mice (91) and in ferrets, a model that more closely resembles the clinical course in humans (92) . A central mechanism of the protection involves S1P 1 signaling on pulmonary endothelial cells, where the receptor is very highly expressed, to negatively regulate the excessive cytokine/chemokine response and pulmonary immune cell recruitment that occurs during influenza infection. S1P 1 activation blunted the inflammatory signaling cascade downstream of several innate sensing pathways, including those derived from myeloid differentiation primary response gene 88 (MYD88) and IFN-β promoter stimulator-1 signaling (MAVS, also known as IPS1). The results suggest that short-term use of S1P 1 agonists may be therapeutic in suppressing the pathogenic cytokine storm in influenza and possibly in other acute respiratory diseases (93) . However, the ability of these agents to induce lymphopenia and potentially suppress adaptive immune responses could outweigh the beneficial antiinflammatory effects in the vasculature. Agents that selectively influence S1P 1 signaling in the endothelium without blunting adaptive immunity would be optimal.
Acute lung injury. Acute lung injury can be caused by bacterial or viral pneumonia, sepsis, ischemia/reperfusion injury, or trauma (94) . A central underlying component driving pathogenesis involves endothelial barrier disruption and increases in vascular permeability. S1P infusion significantly restricted vascular leakage in LPS-induced lung injury in murine and canine models (95) . Acute dosing of FTY720 also significantly reduced vascular leakage and associated inflammatory cell infiltrates in the LPSlung injury model (96) .
In contrast to these findings, prolonged treatment with FTY720 or with the S1P 1 -selective agonist, AUY954, in the bleomycin mouse model of lung injury dramatically worsened vascular leakage and exacerbated fibrotic responses (82) . These results are consistent with others that have shown that exposure to S1P 1 agonists causes downmodulation of S1P 1 , disruption in S1P/S1P 1 signaling, and vascular leakage (97) . Agents that appropriately enhance S1P 1 signaling in the vascular endothelium may provide protection from fibrotic diseases.
Sickle cell disease. In sickle cell disease, the sickling of rbc leads to severe manifestations that include hemolysis, anemia, hypoxia, inflammation, and tissue injury. In individuals and mice with sickle cell disease, S1P levels are substantially elevated in blood (98) . These results suggest that hypoxia-induced changes induce rbc damage, hemolysis, and enhanced S1P levels in plasma. This may contribute to tissue injury directly as a result of the signaling activity of S1P within the context of endothelial damage and systemic inflammation present within the disorder (99). However, whether S1P released from sickled rbc is protective or injurious is not known. of receptor signaling by extravasated S1P on parenchymal and immune cells in tissues under acute and chronic inflammatory conditions is not well understood but could potentially lead to reparative processes. Whether dysregulated S1P signaling in tissues leads to fibrotic responses is not yet known; however, S1P 2 and S1P 3 have been associated with tissue fibrotic processes in organs, such as the liver, lung, and kidney (81) (82) (83) .
S1P in disease
Multiple sclerosis. Multiple sclerosis (MS) is a chronic autoimmune disease characterized by blood-brain barrier break down, immune cell infiltration of the CNS, demyelination, astrogliosis, and neurodegeneration (84) . S1P signaling activity is relevant for disease pathogenesis, as demonstrated by the efficacy of FTY720 for the treatment of relapsing-remitting MS (65) . S1P action likely occurs at multiple cellular sites within the immune, vascular, and nervous systems (65) . S1P 1 -mediated egress of pathogenic lymphocytes from lymph nodes is a key control point in MS. FTY720 is believed to modify MS disease progress by the lymph node retention of autoreactive T cells, which damage the nervous system. Immune cell S1P 1 signaling in the CNS is also involved in pathogenesis. Brain lesions from patients with MS exhibited phosphorylation of S1P 1 serine 351, a modification critical for receptor internalization (85) . Mice with a mutation that precludes phosphorylation of this residue developed more severe Th17-mediated autoimmune neuroinflammation, revealing another potential S1P signaling process that may alter disease course in MS. S1P receptors are widely expressed on cells of the CNS, including neurons, astrocytes, microglia, and oligodendrocytes, all of which have potential roles in the pathogenesis of MS. A direct role for S1P 1 on astrocytes has been demonstrated in the disease progression of EAE. Deletion of S1pr1 in astrocytes reduced the clinical severity of EAE and abrogated the diseasesuppressing effects of FTY720 (75) . MS has a much higher incidence in females than in males. S1P 2 has been determined to account for differences in the enhanced disease susceptibility of female SJL EAE mice by virtue of its sexually dimorphic expression pattern in brain regions relevant to disease (86) . In female SJL EAE mice and in female patients with MS, S1P 2 was more highly expressed than in their male counterparts. The ability of S1P 2 to destabilize adherens junctions (87), promote inflammation, and modulate the infiltration of leukocytes (88) may enhance the severity of the CNS autoimmunity.
Sjögren-Larsson syndrome. Sjögren-Larsson syndrome is a rare autosomal recessive neurocutaneous disorder with onset in infancy. The disease is characterized by ichthyosis, intellectual deficits, and delays in reaching motor milestones. The disease is caused by mutations in the ALDH3A2 gene, which encodes a fatty aldehyde dehydrogenase involved in the degradation pathway of S1P (16) . After cleavage of S1P by S1P lyase to produce hexadecenal, the fatty aldehyde is subsequently converted to hexadecenoic acid by ALDH3A2 and, ultimately, to palmitoyl-CoA via hexadecanoyl-CoA. The absence of ALDH3A2 results in the accumulation of toxic fatty aldehydes.
Sphingolipids are highly abundant in the skin and nervous system, which are major sites of pathogenesis in the disease. In skin, jci.org Volume 125 Number 4 April 2015
It was hypothesized that SPHK1 inhibition may represent a possible therapeutic strategy during sickle cell disease pathogenesis (98) . Cancer. S1P signaling regulates several of the "hallmarks of cancer," including induction of angiogenesis (100), resistance to cell death, sustained proliferative signaling, tumor-promoting inflammation (101, 102) , and activation of invasion and metastasis (100) (101) (102) (103) (104) (105) . Furthermore, S1P metabolism was disturbed in several types of tumors, providing further support for a linkage between pleiotropic actions of S1P and oncogenesis (105) .
The major approaches aimed at targeting S1P actions in cancer have focused on removal of extracellular S1P, the application of receptor-active compounds, and the use of sphingosine kinase inhibitors (105) .
To remove extracellular S1P, a novel therapeutic reagent was formulated that makes use of a monoclonal antibody to physically sequester extracellular S1P. In animal models, the S1P-specific monoclonal antibody (Sphingomab) reduced tumor growth and demonstrated antiangiogenic effects (106) .
The use of receptor-active compounds in cancer may be problematic due to the wide distribution of receptors and their pleiotropic activities, particularly immune suppression. Nonetheless, in a model of colitis-associated cancer, FTY720 was able to dampen the inflammatory S1P1/STAT3 amplification cascade by receptor downmodulation to suppress carcinoma progression (102) . However, it is not known whether clinically relevant doses of FTY720 regulate disorders of the gut-associated immune system.
The use of sphingosine kinase inhibitors, with the goal of inhibiting tumor cell S1P synthesis to decrease viability and growth, has yielded contradictory results. Earlier studies with genetic models of sphingosine kinase overexpression (107) and lower potency sphingosine kinase inhibitors have suggested a potentially important role for SPHKs in tumor cell proliferation and survival (105) . However, results with novel, highly potent, and selective inhibitors that reduce S1P to undetectable levels in tumor cells did not affect their growth in vitro or in vivo, suggesting that tumor sphingosine kinases may not be efficacious therapeutic targets for cancer (108) (109) (110) .
Inflammatory bowel disease. Inflammatory bowel disease, which encompasses Crohn's disease and ulcerative colitis, is characterized by chronic, destructive inflammation in the gastrointestinal tract. A potential involvement of S1P is suggested by observations showing that deletion of Sphk1, which lowers S1P levels, reduced the severity of colitis (111) , while deletion of Sphk2 (102) , which elevates S1P levels through compensatory mechanisms, increased severity. FTY720 as well as S1P 1 subtype-specific inhibitors ameliorate the severity of symptoms in murine models of colitis, in which the disease is mediated by aberrant T cell responses. The mechanisms underlying the effectiveness of the treatments were shown to involve both CD4 + CD25 + Tregs and Th2-type functions (112, 113) .
In addition to the direct regulation of T cell function, S1P signaling may have an important role in the vasculature during colitis. Patients with ulcerative colitis display an increase in S1P 1 levels in inflamed mucosa as well as elevated SPHK1 expression (114) . Deletion of S1pr1 in the endothelium of mice caused colonic vascular leakage and enhanced bleeding in a mouse model of colitis, pointing to an important role for S1P 1 signaling in maintaining vascular integrity during colitis. Importantly, therapeutic dosing of FTY720 and S1P 1 -specific compound AUY954 did not increase bleeding in the dextran sodium sulfate tissue injury model of colitis, indicating that ligand-induced receptor degradation was not functionally significant. These results imply that therapeutic modifications of S1P 1 signaling may encompass a means to blunt the severity of the disease, since immune S1P receptors show enhanced sensitivity to pharmacological agents, whereas endothelial S1P receptors exhibit large receptor reserve.
Vascular and cardiac diseases. The role of S1P in vascular and cardiac diseases is beginning to be appreciated but is not well understood. Several S1P receptor modulators were shown to reduce inflammatory responses and atherosclerosis in mouse models (115, 116) . S1P 2 is expressed in atherosclerotic plaques and contributes to macrophage content and inflammatory responses. In models of atherosclerosis, S1pr2 knockout mice exhibited reduced pathological lesions and macrophage content, apparently because of altered S1P signaling in the myeloid compartment (117) . Similarly, S1P 3 in myeloid cells appears to regulate myeloid cell influx to inflammatory vascular lesions (118) . Even though S1P 2 regulates endothelial cell inflammatory responses (87) , its functional significance in atherosclerosis has not been addressed. S1P is produced in the heart during brief periods of ischemia and protects the myocardium (119, 120) . It also activates the G protein-coupled inwardly rectifying potassium (GIRK) channels at the sinoatrial node and induces bradycardia (121) . This process is a well-known initial adverse event of S1P 1 -activating drugs but subsides after an initial dose (65) . Whether S1P signaling participates in cardiac arrhythmias is not known. Furthermore, although S1P receptors are involved in cardiac hypertrophy (122) , the importance of this pathway in heart failure has not been examined.
Concluding remarks and future outlook
In addition to the metabolic enzymes and receptors, newly characterized regulators of S1P signaling, such as S1P chaperones (33) and transporters (23) , have illuminated new insights into the unique biology of this lipid signaling system. Such mechanistic insights have also revealed additional control points for potential therapeutic intervention. Even though receptor modulators have entered the mainstream of current pharmacopeia, the complexity and ubiquity of the signaling system likely means that targeting various steps in the pathway may allow better control of the dysregulated S1P signaling that occurs in multiple diseases.
